Based on the open source software a method was constructed for 2D numerical solution of the fundamental system of equations for incompressible stratified fluid, which allows analysing both dynamics and fine structure of flows in a wide range of Reynolds numbers. The problem of flow formation around a uniformly moving sloping plate in viscous incompressible salt solution is considered in the range of Reynolds numbers, 1<Re<100 000. The stratified flow structure around a sloping plate was analysed for different angles of attack and classified into a number of typical flow regimes depending on prevailing structural components in the flow. Geometry of vortices and upstream perturbations, which are common for all kinds of fluids, as well as internal waves and thin interfaces, which are specific for stratified media, were investigated.
Introduction
Investigation of flows around obstacles, in particular wing models, is one of the most topical tasks for fluid mechanics due to the fundamentality of problem on interaction of flow with an obstacle and, as well, diversity and importance of its practical applications. A reason for keeping a long scientific and practical interest to this problem is in the need for optimization of designs on a variety of criteria, extension of the range of sustainable movement of aircraft, submarines and above-water vehicles, and development of reliable control systems, which provide stability in a wide range of flight and environmental conditions. The main scientific goal is to create reliable analytical and numerical models of flows, which enable calculating all parameters of flow-body interaction with a required accuracy, and evaluating effectiveness of controlling systems to ensure stability and controllability of a body motion. Due to mathematical complexity of the problem, the approximate models of flows around obstacles developed at the beginning of the last century, including the Blasius solution for horizontal half-plane in the boundary layer and homogeneous fluid approximations [1] . This solution, which was obtained under assumption of constant pressure in the normal-to-surface direction and without taking into account effects of the leading edge, is used for comparison with experiments and testing of numerical models for more than a hundred years. However, flows structure and dynamics on the surface of an obstacle depends essentially on real properties of a medium and, as well, thickness and angle of attack of a sloping plate, which determine velocity, pressure and its gradient. In the environment, i.e. the Earth's hydrosphere and atmosphere, and different industrial devices, fluid density, as a rule, is not constant due to inhomogeneity of either soluble substances or suspended particles concentration or temperature and pressure distributions [2] . Under the action of buoyancy forces fluid particles with different density move vertically and form a stable stratification which is characterized by buoyancy scale,
, which can vary from a several seconds in laboratory conditions and up to ten minutes in the Earth's atmosphere and hydrosphere [3] . In the present paper, computations of multiscale flows around a uniformly moving sloping plate are analyzed in a wide range of Reynolds numbers using numerical solution of the fundamental system of fluid mechanics equations, which allows studying flows of both continuously stratified and homogeneous viscous incompressible fluids in a single formulation. These studies complement the previous works performed in the same mathematical formulation for stratified flows around a motionless [4] [5] [6] and a uniformly moving horizontal strip in the linear [7] and complete nonlinear formulations [8] taking into account the solvability conditions of the system [9, 10] .
Problem formulation and solution

Governing Equations and Boundary Conditions
Mathematical modeling of the problem on flows around a sloping plate is based on the fundamental system of equation for multicomponent inhomogeneous incompressible fluid in the Boussinesq approximation. The buoyancy and diffusion effects of stratified components are taken into account, while the effects of heat-conductivity and heating due to dissipation are neglected [2, 11] . Thus, the governing equations take the following form, 
Here, s is the salinity perturbation including the salt compression ratio,
is the vector of the induced velocity, P is the pressure except for the hydrostatic one, and actually homogeneous media ( Λ = ∞ ,
, as well. In the case of potentially homogeneous fluid density variations are so small that cannot be registered by existing technical instruments but the original mathematical formulation with the equations set (1) is retained. In the case of actually homogeneous medium, the fundamental system of equations is degenerated on the singular components [10] . Physically valid initial and boundary conditions are no-slip and no-flux on the surface of the obstacle for velocity components and total salinity respectively, and vanishing of all perturbations at infinity, ( )
where U is the uniform free stream velocity at infinity, n is external normal unit vector to the surface, Σ , of the obstacle which can be either a plate with length, L , and height, h , or a wedge, 1 P , 1 v and 1 s are initial perturbations of the fields under consideration which are generated by diffusion-induced flow due to interruption of the molecular transport of the stratifying agent by impermeable surface of the motionless obstacle [4] [5] [6] .
Typical Scales of the Problem
The set of equations and boundary conditions (1) - (2) are characterized by a number of parameters, which contain length ( ) 
, where S is the cross-sectional area of an obstacle, and, as well, relations specific for stratified media. The additional dimensionless parameters includes length scales ratio, C L = Λ , which is the analogue of reverse Atwood number
continuously stratified fluid. Such a variety of length scales with their significant differences in values indicates complexity of internal structure even of such a slow flow generated by small buoyancy forces, which arise due to the spatial non-uniformity of molecular flux of the stratifying agent. The large length scales prescribe size selection for observation or calculation domains, which should contain all the studied structural components such as upstream perturbations, downstream wake, internal waves, vortices, while the microscales determine grid resolution and time step. At low velocities of the body motion, the Stokes scale is a critical one while at high velocities the Prandtl's scale is dominant.
Numerical Simulation
Since the present study is based on analysis of the fundamental system of equations the ideas and methods of turbulence theory are not used. Numerical solution of the fundamental system of equations with satisfaction of the requirements for resolution of all the intrinsic scales without additional hypotheses and relations is the physically reasonable method of analysis which is invariant by values of Reynolds number and consistent with experimental and analytical studies. Classification of stable flow structural components was performed through analysis of physical properties and own scales of the solutions of the linearized system [10] . Numerical solution of the system (1) with the boundary conditions (2) was constructed using new solver stratifiedFoam developed by the author within the frame of the open source computational package OpenFOAM based on the finite volume method [11] . For discretization of the convective terms and the time derivative of the governing equations a limited TVD-scheme and a second-order implicit asymmetric three-point scheme with backward differencing were used, respectively, which ensure minimal numerical diffusion, absence of non-physical oscillations of the solution, and a good time resolution of the physical process. For calculating the diffusion terms based on the Gauss theorem within orthogonal grid, sections a surface normal gradient was evaluated at a cell face using a second order normal-to-face interpolation of the vector connecting the centers of the two neighbouring cells. In non-orthogonal grid regions, an iterative procedure with a user specified number of cycles was used for non-orthogonal correction of errors caused by a grid skewness. For fast and efficient regeneration of orthogonal computational grid when changing the geometric parameters of the problem, such as length, thickness, and angle of the plate, number of cells and grading level of the grid in each direction, etc., automated program was developed. The program enables according to a prescribed algorithm recreating the standard reference files used by utilities of the OpenFOAM package for spatial discretization of the problem. The algorithm for constructing a computational grid around the plate, oriented at an arbitrary angle to the horizon, consists in creation of two separate computational grids. The inner cylindrical grid around the plate can be rotated together with the plate when angle of its inclination is changed. The external fixed grid is merged at the interface using the standard utilities of the package. The computations were terminated when the integral characteristics or their statistical evaluations take values of steady-state regime. The spatial dimensions of the computational cells were chosen from the condition of an adequate resolution of the finest flow components associated with the stratification and diffusion effects, which impose significant restrictions on the minimum spatial step. In high-gradient regions of the flow, at least several computational cells must fit the minimal linear scale of the problem. Calculation time step, t ∆ , was defined by the Courant's condition, Co / 1 t r = ∆ ∆ ≤ v , where r ∆ is the minimal size of grid cells and v is the local flow velocity. Additional control was ensured by comparison of independent calculations for fluids with different stratification.
Computation results
In stratified flows around obstacles a number of typical flow regimes can be distinguished, which exist within certain ranges defined by values of Reynolds number and geometric features of an obstacle. The worse the surface quality, due to presence of sharp edges, abrupt changes in geometry, and the large vertical size of an obstacle, determined by its thickness and sloping angle to horizon, the narrower ranges of Reynolds number corresponding to different flow regimes and the smaller critical value of Reynolds number, which characterizes loose of clear deterministic features of a flow and transition to a vortex multiscale state.
With increase in free stream velocity, stratified flow around a sloping plate undergoes a series of structural transformations from multilayered circulating diffusion-induced flows, formed in a quiescent stratified fluid without any external mechanical influences, to turbulent regime when all the flow components are involved in a complex nonlinear interaction. In the interval between these flow types, a number of transitional regimes are distinguished depending on a prevailing flow component, either dissipative gravity waves, upstream perturbations and attached internal waves or vortex structures generated by the plate edges. In the following figures (Fig. 2-4 ), instantaneous patterns of vertical component of velocity, and pressure and density gradients fields are presented for different Reynolds numbers and angles of attack of the plate. In order to illustrate the most typical transient flow structure an appropriate time instant was chosen for taking snapshot of a field for a certain flow regime. Colour scales for the fields under consideration vary from red to blue colours within a continuous spectrum, threshold values being chosen in such a way that the both large-and fine-scale flow components are clearly represented. Numbers on the colour scales for all the figures are given in dimensioned values, i.e. cm s , 1 s , 2 2 kg m s , and 3 kg m for fields of vertical component of velocity (Fig. 2) , vorticity (Fig. 3) , and vertical component of pressure gradient and horizontal component of density gradient (Fig. 4) respectively. An impermeable obstacle immersed in a quiescent stably stratified fluid forms a complex system of flows, including main thin jets along the sloping sides of an obstacle with attached compensating counterflows [3] [4] [5] [6] . Fig. 2a shows a typical pattern of diffusion-induced flow on a sloping plate, illustrated by vertical component of velocity field. A set of extended horizontal layered structures are attached to the sharp edges of the plate, which vertical scale increases with distance from the obstacle but flow velocity, on the contrary, decreases. Similar structures are observed in laboratory by schlieren visualization techniques near the extreme points of obstacles with different geometries, e.g. plate, disc, cylinder, sphere, etc., which length depends on sensitivity of a registration method [12] . With start of movement of a sloping plate even with extra slow speed ( 0.01cm s U = , Re 10 = ) the flow pattern is changed dramatically. The plate edges begin to generate internal waves with low intensity and short length, 0.052 cm b UT λ = = , which start to interact with the diffusion-induced flow having been already formed on a sloping plate (Fig. 2b) . There multiple interactions and interference of the wave perturbations with each other and with the diffusion-induced flows occur that results in formation of a small-scale complex flow structure above and under the plate. At some distance from the both edges of the plate a set of radially symmetric linear structures are formed in the direction of the plate's plane, which are localized within a sector with apex angle of about 60°. With further increase in velocity of the plate motion ( 0.5 cm s U = , Re 500 = ) upstream perturbations and attached internal waves with length of 2.6 cm λ = are formed, which have a structure typical for continuously stratified fluid flows (Fig. 2c) . By viewing consecutive video frames of flow evolution over time, one can see the internal waves are initially formed initially at the edges and then continue developing along the plate's plane. However, starting at time,
, a new group of perturbations appear, which propagate in the horizontal plane from the near-edge area distorting the original structure of the internal waves. Over time, the two separate groups of perturbations, which spread over the plate and in the wake of it, begin to interact with each other leading to a deviation of the plane of perturbations from the horizontal level. It should be noted that for the angle of inclination under consideration ( o 20 α = ) the wave perturbations are localized mainly above the plate and in its wake, while the area under the plate remains virtually undisturbed except for small areas in the vicinity of the edges. When the plate moves with speed of 2 cm s U = ( Re 2000 = ) attached internal waves with length comparable in this case to longitudinal size of the plate, coexist with vortices generated by the trailing edge of the plate (Fig. 2d) . In this vortex-wave regime, the flow structure depends strongly on the angle of inclination of the plate to horizon, since an increase in vertical size of an obstacle leads to intensification of vortex flow dynamics and transformation of the internal wave's structure, which, in turn, significantly alters the forms of vortex-wave interactions. Re 10 ≥ attached internal waves are no longer a dominant flow component and the flow structure is mainly determined by vortex dynamics at the plate edges and nonlinear interactions of individual vortex systems with each other (Fig. 2d, 2e) . At speed of the plate motion of 10 cm s U = ( 4 Re 10 = ) the most intensive and large-scale vortices are generated at the leading edge of the plate, which move to lower horizons as drifting downstream and interact with a chain of small-scale and relatively weak vortices generated at the trailing edge of the plate. With further increase in speed of motion ( 100 cm s U = , 5 Re 10 = , Fig. 2e ) the flow pattern is significantly complicated, when the vortices generated by the leading edge grow in scales and intensity = ), when in the vicinity of the plate edges both large-and small-scale vortices are formed. All the flow components are in active interaction with each other, with flow fine structure, and even with attached internal waves, which in this case are substantially larger than the area of observation. Multiple mutual interactions of flow components with different scales are manifested in flow unsteadiness even with fixed boundary conditions, as illustrated by vorticity field patterns for different angles of inclination of the plate (Fig. 3) . Intensity and structure of vortices, which are generated by the leading edge of the horizontal plate and drift along its surface, are the same for the both sides of the plate (Fig. 3a) . With increase in angle of inclination of the plate by its clockwise rotation the vortex dynamics on its lower side is suppressed by the free stream, while scales of vortex structures, developing over the upper side of the plate and in the wake behind it, are enlarged ( Fig. 3b-d) . At the same time scales of vortices, generated by the convergent flow at the trailing edge, are practically independent on angle of inclination of the plate remaining comparable to its thickness. Instantaneous flow patterns are constantly evolving as a result of production and decay of new elements (vortices) due to unsynchronized variations of physical quantities with thermodynamic nature, in particular, density and pressure gradients. Generation of vorticity, rot = Ω v , occurs mainly in the vicinity of the leading edge as a consequence of both the overall reorganization of velocity field and baroclinic effects. Baroclinic vorticity generation rate, ( )
, is determined by non-collinearity of pressure P ∇ and density ∇ρ gradients vectors according to the Bjerknes theorem. Generation of new elements with their own kinematics and spatiotemporal scales is due in the dynamic description to a high order and non-linearity of the fundamental system of equations [10] . Complete solutions of the system even in the linear approximation contain several functions [7] which in the non-linear models correspond to flow components interacting with each other and generating new types of perturbations [3, 8] . Fig. 4 shows instantaneous patterns of vertical component of pressure gradient and horizontal component of density gradient fields for different angles of inclination of the plate. In spite of the general similarity of unsteady vortex flow structure around a sloping plate each field is characterized by its own geometry, fine structure and flow components scales which determine spatial and temporal variations of the kinematic parameters, such as vorticity generation rate and, as a result, variability in magnitude of vorticity itself. The increasing complexity of the gradients fields structure, as compared to the vorticity field patterns, is due to the properties of the differential operators to generate two groups of spots for each a vortex core, which correspond, respectively, to areas of growth and decay of perturbations. At the same time, an advantage of gradient fields is more complete and detailed visualization of flow structure that enables identification of fine-scale components against the background of larger ones.
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Distribution of vertical component of pressure gradient in Fig. 4a demonstrates sequence of spots with different signs resolving in details the vortices behind the plate. Even more complicated flow structure is resolved near the leading edge, i.e. a zone with maximum flow divergence, where maximal values of pressure gradient and main generation of vorticity are observed. With increase in angle of inclination of the plate a wider range of scales of the structural elements are manifested in the field -both large-and small-scale components coexist and actively interact with each other. The most fine-scale layered structures of both signs, localized on vortex shells and gathering in compact spots behind the plate, are observed in horizontal component of density gradient field (Fig. 4b) . This can be explained by the smallness of the ratio between the diffusion coefficient and the kinematic viscosity. The structures in this field are mainly oriented along streamlines of the vortex flow and form its own system of spiral curls typical for vortex elements. Increase in angle of inclination of the plate to horizon complicates geometry of the horizontal component of density gradient field with development of the layered structures downstream from the leading edge of the plate. Local field patterns of various physical variables are significantly different in the wake of a sloping plate, being characterized by their own geometry, position of concentrated areas, space and time scales, manifestation level, and dissipation rate, which is due to complex non-stationary interactions with each other and with the free stream of simultaneously emerging large-and fine-structural flow components. Based on the fundamental equations set 2D numerical simulations of incompressible stratified fluid flow around a sloping plate were performed using the open source software. The method allows analyzing in a single formulation dynamics and fine structure of flow patterns past obstacles in a wide range of stratification and flow parameters. The stratified flow structure around a sloping plate is analysed for different angles of attack and is classified into a number of typical flow regimes depending on prevailing structural components in the flow, such as vortices, which are common for all kinds of fluids, and internal waves, upstream perturbations, and thin interfaces, which are specific for stratified media. Flow around obstacles is a complex, multiscale, and transient physical process accompanied by interactions of large and fine scale components between each other and with the free stream, which are characterized by their own geometries, spatial and temporal scales, intensities, and dissipation rate. The problem requires additional detailed experimental and theoretical study accounting for the effects of diffusion, thermal conductivity and compressibility of medium with control of the observability and solvability criteria for all the physical parameters and structural components of the flows under study.
